Abstract. Medium resolution spectra of the dwarf nova BV Pup obtained during an outburst confirm the relatively long orbital period (P ∼ 6.4 h). The emission lines reveal rather structured profiles that are produced in the disc and in the stream. Doppler tomography shows clear bright spot regions in Hβ and HeII 4686Å emission line flux. Dynamical solutions for the system parameters are only found if the external radius of the accretion disc is close to the circularisation radius. The white dwarf mass is 1.2 ± 0.2 M , the orbital inclination 23
Introduction
Dwarf novae are a subclass of cataclysmic variables. A white dwarf accretes matter from a Roche lobe filling companion, usually a lower main sequence star via an accretion disc, quasi-cyclic outbursts occur due to disc instability events (for reviews on this topic see: Frank et al. 1992; Warner 1995) . Cataclysmic variables evolve toward shorter orbital periods, angular momentum is lost due to magnetic breaking and/or gravitational radiation. Orbital periods range from about 10 hours to around 1 hour. To test current evolutionary models of cataclysmic variables (Howell et al. 2000) , we need to know the system parameters of a large number of these binaries at different orbital periods.
BV Pup is an unusual dwarf nova with small outburst amplitudes (m v ∼ 15 in quiescence, m v ∼ 13 in outburst), short recurrence times (∼20 days; Ritter & Kolb 1998) , strong HeII 4686Å emission (as seen in old novae and nova likes) suggesting a high accretion rate (Szkody et al. 1986, hereafter SHK) , and a long orbital period.
EXOSAT observations of BV Pup during outburst show a relatively high hard x-ray flux (SHK), Ginga observations during quiescence fail to detect any flux over background levels (Szkody et al. 1990 ). However, observations of most dwarf novae show the hard X-ray flux decreases during outburst as the boundary layer becomes optically thick (Cordova & Mason 1984) . The AAVSO light curve Send offprint requests to: A. Bianchini, e-mail: bianchini@pd.astro.it of BV Pup shows confused behavior with rapid brightness variations during outbursts. The strong HeII 4686Å and unusually weak UV line emission during quiescence (SHK) and the lack of HeII 1640Å emission during outbursts suggest a different stratification of the opacity of the outer disc layers in BV Pup compared to typical dwarf novae (Drew & Verbunt 1985) .
Observations and data reduction
In this paper we analyze spectroscopic data of BV Pup taken during decline from an outburst. We obtained 38 spectra from 1990 March 27 to April 1 at La Silla using the 1.5 m ESO telescope equipped with the Boller & Chivens spectrograph. The spectral range is 4000-5000Å with a dispersion of 60Å/mm and exposure times were 15-40 min. The spectral resolution is about 1Å/pixel. All spectra were reduced with the IHAP and IRAF packages. Spectra from nights 1 & 5 are shown in Figs. 1 and 2 .
Variations of the emission line profiles can be attributed to orbital modulation of the bright spot. The decline of the dwarf nova from an outburst (see next section) is indicated by the disappearance of the high excitation HeII 4686Å emission line in the spectra of the last two nights. The mean spectra for each night are shown in Fig. 3 . Where possible we have measured the radial velocities of both the disc component (mean of the two extreme peaks) and the bright spot component (the central peak) whenever detectable by a multiple Gaussian fit. The estimated errors of the disc and the bright spot −15 erg/s/cm 2Å has been added to each successive spectrum radial velocity measurements are 55 km s −1 for Hβ and HeII 4686Å and 90 km s −1 for Hγ. For this reason the Hγ line has not been used to directly derive orbital parameters but has been used when averaging the velocities from different lines. The S/N ratio in the continuum near Hβ was approximately 30 for nights 1 and 2, and 20 for nights 5 and 6. The S/N ratio near Hγ was systematically worse due to the poor blue response of the CCD. We estimate the base widths of the emission lines from the mean spectra of nights 1 & 2 and nights 5 & 6 as the width of Gaussian fits at a 1-σ level above the continuum. The journal of the observations with the disc and hot spot radial velocities, the equivalent widths and the fluxes of Hβ, Hγ and HeII, and the fluxes of the continuum at 4400Å are given in Table 1 .
The outburst of BV Pup
We measured the continuum flux at 4400Å by averaging the counts in 50Å wide wavelength bins (centered on 4400Å), see last column in Table 1 . The uncertainty on the 4400Å flux measurements is 17% (this includes uncertainties in the flux calibration and is greater than the uncertainty due to Poisson noise alone). In Fig. 4 , the continuum flux at 4400Å vs. time shows the decline from an outburst. Assuming a flat continuum between 5000Å (upper limit of our spectral range) and 5500Å, then m v ∼13.8 Figure 3 shows the mean spectrum of BV Pup during nights 1 & 2 (outburst) and the mean spectrum in quiescence (average of the spectra from nights 5 & 6). In outburst the mean spectrum shows a hot continuum, high excitation HeII 4686Å emission, lower excitation HeI 4471Å emission and broad absorption features around Balmer lines due to rotationally broadened absorption in the accretion disc (Clark & Bowyer 1984) . No absorption is seen around HeII, this line may be emitted from the hot spot. The line and continuum fluxes in outburst are similar to those observed by SHK. The emission line profiles in Fig. 3 are produced by a combination of the double peaked accretion disc line emission and the single peaked bright 
The spectroscopic period
The disc radial velocity V Disc in each spectrum was measured for the Hβ, Hγ & HeII double peaked emission lines using the mean wavelength of the two peaks, see Cols. 2-4 in Table 1 . The mean radial velocity for each spectrum was calculated by taking the average of the V Disc measurements for the Hβ, Hγ & HeII disc components. Figure 5 shows the power spectra of the mean radial velocity variations of the disc. We interpret the well defined peak corresponding to P = 0.2647 ± 0.0068 d as the spectroscopic orbital period of the system. Figure 6 shows the sinusoidal fits to the Hβ, HeII 4686Å and mean radial velocities of the disc. The systemic velocity γ 0 for BV Pup was calculated using the weighted mean of the γ velocities in the fits to the Hβ, HeII and mean radial velocity curves (Table 2) , the value of γ 0 for BV Pup is:
We use the weighted average of the Hβ, HeII and the mean phase offsets (Table 2) to derive the spectroscopic The radial velocities of the hot spot components of Hβ and HeII, phased according to the new ephemeris do not show pure sinusoidal modulations but sharp minima and rounded maxima (Fig. 7) . The Hβ hot spot component (upper panel) shows a larger scatter and a minimum at φ ∼ 0.0. The deep minima and phasing of the Hβ hot spot radial velocities can be explained using a hot spot in the usual position, the emitting material moving with Keplerian velocity around the white dwarf, however periodic disappearance of the hot spot line emission around phase zero causes misidentification with the stronger blue shifted peak of the disc line profiles. In the top of Fig. 8 , we clearly see the Hβ bright spot emission except between phases 0.9 to 1.1. The orbital motion of the Hβ emission wings is clearly seen and is modulated as expected with the red to blue crossing occurring at phase zero. The hot spot component of HeII (lower panel Fig. 7 ), which is observed only in outburst, has a maximum radial velocity around φ ∼ 0.9 and a sharp minimum at φ ∼ 0.4, placing the HeII bright spot in the disc slightly down stream from the impacting stream. Figure 8 shows that the HeII hot spot is barely discernible against the broad HeII disc emission. The orbital modulation of the HeII emission line wings can still be seen. 
Equivalent widths and fluxes
The equivalent widths of the emission lines shown in Fig. 9 display small modulations with the orbital period. The Hβ equivalent widths are larger by a factor 4 in quiescence than in outburst which is the usual phenomenon for dwarf novae. In our data, the line fluxes in BV Pup do not fade during the decline from outburst. The modulation of the Hβ equivalent widths is largest in quiescence, with a maximum at φ ∼0.5, suggesting that the Hβ flux during outburst is not increased due to irradiation of the secondary star. Little or no modulation is seen in outburst in both Hβ and HeII. Figure 10 shows a small modulation in the Hβ and HeII line fluxes with a maximum still around φ = 0.5. In Fig. 10 (bottom panel) we plot the HeII 4686Å/Hβ flux ratios vs. orbital period, a saw-tooth trend is seen. The ratios range from 0.5 to 1.1, in agreement with the observations of SHK and well above the 0.3-0.4 range observed by them when BV Pup was in quiescence. We do not detect any HeII emission in quiescence.
The high intensity of HeII from the bright spot during outburst suggests a high accretion rate. The empirical correlation between the absolute magnitudes, M v , the Fig. 7 . A modulation with a maximum around phase 0.5 is observed mainly in quiescence. Bottom panel: folded EW s of HeII 4686Å in outburst; the increase around φ = 0.0 is not obvious outburst recurrence times, T n , and the orbital periods of dwarf novae is (Warner 1987 (Warner , 1995 :
For BV Pup (T n ∼ 20 d and P orb = 0.2647 d = 6.353 hrs) M v(min) = 7.58, the quiescent mass transfer rate is ∼6 10 15 g/s (Smak 1989) , this is below the ∼3 10 16 g/s limit theoretically needed to form an optically thick boundary layer that would suppress the hard X-ray flux. Even so, Ginga X-ray observations between 1.5-36 keV of BV Pup in quiescence failed to detect any flux. The 2 mag outburst amplitude gives an outburst mass transfer rate through the disc of 8 10 16 g/s. But EXOSAT observations showing a 2-6 keV hard component of 4-5 10 −12 ergs/s and no detection of X-ray flux between 0.5-2 keV during outburst (SHK) suggest a low accretion rate with an optically thin (to X-rays) boundary layer. Clearly the boundary layer in BV Pup behaves in an unexpected way, during quiescence we expect the boundary layer to be optically thin and there to be hard (∼13 keV) X-ray emission, however if it remains optically thick then the hard X-ray emission would be reduced and the lower quiescent accretion rate would mean the boundary layer emission would peak at soft X-ray energies, below the range of the Ginga detectors. Measurements of the soft X-ray flux during quiescence are needed to determine fully the X-ray behaviour of BV Pup.
Doppler tomography
Doppler tomograms of BV Pup were calculated using Fourier Filtered Back Projection (Horne 1991) . As the Hβ line flux did not change during the duration of the observations, all the data were combined to improve the phase coverage when constructing the Hβ map. Data from the last two nights were omitted when constructing the He II map. The Hβ and HeII Doppler maps are shown in Fig. 11 . The spectra were phased according to the spectroscopic ephemeris derived in Sect. 4. Before calculating the Doppler maps, the continuum background around the emission lines was subtracted off using a parabola as the underlying continuum was smooth and showed no white dwarf absorption features.
The Hβ Doppler map (top, Fig. 11 ) shows an obvious bright spot and an asymmetric ring of disc emission. The variable flux in the Hβ bright spot (evident in top of Fig. 8 ) will produce artifacts in the Doppler map and explains the apparent asymmetry in the accretion disc. Due to the low inclination of the system (26
• , Sect. 7), the separation of the bright spot in the Doppler map from the origin at zero velocity is reduced.
The HeII Doppler map (Fig. 11) shows a concentration of emission close to the position of the HeII source suggested in Sect. 4. There is no obvious disc structure in the emission (consistent with Fig. 8 ) and the bright spot position is at a later phase than the Hβ bright spot.
We interpret the Doppler maps as showing a Hβ bright spot with largely Keplerian velocity and a HeII bright spot arising from material that is still on the ballistic trajectory. Both the Hβ and HeII bright spot fluxes arise from the same physical position.
System parameters
Using the revised mass-radius/orbital period relationship given by Howell et al. (2000) , we derive a secondary mass for BV Pup of ∼0.96 M . Stable mass transfer requires that q = M 1 /M 2 ≥ 6 5 (King 1988), giving a lower limit to the primary mass ∼1.15 M . We can evaluate the primary mass for any orbital inclination of the system using a few assumptions about the system geometry, the orbital velocity of the primary (derived from radial velocity curves) and the Keplerian velocities of the accretion disc material determined from the line profiles.
The radial velocity curve semi-amplitude, K 1 , represents the orbital velocity of the primary projected along the line of sight. Horne & Marsh (1986) show that for a simple Keplerian accretion disc the separation of the peaks of the emission line profiles should give the velocity, V out sin(i), of the outer rim. However, the line intensity across the disc depends on the radial temperature and density distribution; observations of the low excitation CaII IR triplet in a variety of CVs (Persson 1988 ) revealed peak separations smaller than those from HI, suggesting that the bulk of the HI emission is produced at a smaller radius. The peak separation may really indicate the velocity of material at the circularisation radius r circ ; i.e. the radius where the transferred material accumulates after loosing energy in interactions whilst maintaining the angular momentum about the primary it had at the L1 point (Verbunt & Rappaport 1988; Hessman & Hopp 1990) . In BV Pup the circularisation radius r circ ∼ 0.2RL WD as- The rotational velocities of the inner disc are indicated by the broad absorption profiles around the hydrogen emission lines shown in the mean outburst spectrum from nights 1 & 2, this estimate is uncertain because it is difficult to recognize the continuum. Nevertheless, Gaussian fits of the wings at a 1-σ level below the assumed continuum indicate velocities of the order of V in ∼ 2800 ± 200 km s −1 . Assuming the largest V in ∼ 2800±200 km s
represents the rotational velocity of the inner accretion disc, we can define a third M 1 − i relationship.
Dynamical solution
In Fig. 12 we plot the three M 1 − i relationships derived using K 1 = 79 km s −1 (from Hβ), V in =2800 km s −1 and V out = 380 km s −1 (outburst values) assuming that the bulk of the disc line emission is coming from the circularisation radius, r out = r circ . Each correlation is represented by two lines corresponding to the ±1σ limits of the velocity. The pairs of lines define a common area centered at M 1 ∼ 1.2 ± 0.2 M and i ∼ 26.0 ± 3. This value for M 1 is consistent with the lower limit of M 1 >1.15 M derived at the beginning of Sect. 7.
As long as we assume r out = r circ , the three M 1 −i correlations always define a common area for any combination of the orbital velocities of Table 2 and the Keplerian disc velocities. For any other definition of r out then no common match of the three M 1 − i relationships is found. 
Discussion
We have found a spectroscopic period of 0.2647 days, orbital inclination of 26
• and component masses of M wd =1.2 M & M 2 = 0.96 M . Some CV systems with orbital periods similar to that in BV Pup show secondary star features in their spectra (Smith & Dhilllon 1998) . Our optical spectra of BV Pup show no evidence for secondary star features. The relatively high accretion rate during quiescence results in a large accretion disc flux that dominates over the secondary star flux. The infrared light curve of Szkody & Feinswog (1988) shows what may be a double humped modulation as expected for ellipsoidal modulation from the secondary. However the published period for the double humped infrared modulation of 5.4 hrs is longer than the duration of their observations (3.3 hrs) and therefore it is possible that short timescale structures in the light curve cause the best fit period to be very different to the real orbital period. Further studies of this system should include time resolved infrared spectroscopic observations over several orbital periods in order to properly determine the secondary star characteristics.
Conclusions
We have confirmed that BV Pup possesses a relatively long orbital period, P orb = 0.2647 d. If we assume the standard model of a CV we fail to find self consistent solutions unless we assume r out = r circ ∼ 0.12a ∼ 0.2 RL WD .
Doppler tomograms of the Hβ and HeII 4686Å lines show clear bright spot regions. The Hβ bright spot appears in the expected position in velocity space for a Keplerian bright spot. The HeII bright spot appears down stream in the disc as deduced from the HeII bright spot radial velocity curve. An asymmetric ring of disc emission is seen in the Hβ Doppler map, no such structure is seen in the HeII Doppler map. We conclude from the Doppler maps that the majority of the HeII emission emanates from the Bright spot and that the HeII emitting material is still moving along the ballistic trajectory while the Hβ emitting material is in Keplerian motion about the white dwarf.
